e molecular structure characteristics and wetting behaviors of alkyl binary doped ionic liquids' (ILs) thin lubricating film on silicon surfaces, which are composed of a (DA) self-assembled monolayer (SAM) and a binary doped ILs layer, are probed by molecular dynamics simulations. In the binary doped ILs layer, 1-carboxyethyl-3-methylimidazolium chloride ([CMIM]Cl) ILs were bonded to the terminal amino (NH 2 ) groups of the DA SAM, and 1-dodecyl-3-methylimidazolium hexafluorophosphate ([DMIM]PF 6 ) ILs were distributed around the [CMIM]Cl molecules by physical adsorption. Additionally, surface coverage and chain grafting positions of the bonded-phase [CMIM]Cl and the adsorption properties of mobile-phase [DMIM]PF 6 were investigated. e simulation results revealed that the optimal surface coverage of [CMIM]Cl on the DA SAM was 50% with a lateral spacing of 2a and a longitudinal spacing of 2 �� 2a √ , in which a is the space between the adjacent molecules. Meanwhile, the optimal molecular ratio of [CMIM]Cl to [DMIM]PF 6 was 1 : 4, leading to the stablest structure of the lubricating film. Wetting behaviors of thin lubricating film on silicon surfaces showed good hydrophobicity, which is helpful for reducing friction and adhesion. It can be anticipated that the alkyl binary doped ILs' thin lubricating film is suitable for antifriction and antiadhesion applications on silicon surfaces.
Introduction
Ionic liquids (ILs) are organic molten salt that generally combines bulky asymmetric cations with various anions [1] . A number of simulation studies of ILs have been carried out in recent years for its unique physiochemical property. Favorable properties include negligible vapor pressure, large chemical and thermal stability ranges, and often unusual solvation characteristics as well [2] . ese variations in properties are tailored by the careful selection and turning of the constituent ions [3] . ese characteristics are in line with the desired performance of idealized lubricants, giving it the potential to become a new lubricant with high performance under harsh conditions such as in the fields of engineering fluids and the aerospace and the computer industries [4, 5] . Another promising application of ILs is that they are used as a kind of lubricant in micro/nanoelectromechanical systems (M/NEMS) [6] . e good lubricating performance in M/ NEMS is attributed to the surface interactions and tribochemical processes at the interface [7] . e tribological properties of ILs matter to the development of new lubricating materials [8] . A number of studies of ILs have been carried out in recent years. Most studies of ILs have concentrated on the physical and chemical properties and their synergistic effects [9, 10] . Liu et al. found that ILs lubricants have excellent antiwear and antifriction properties and the tribological properties were far superior to the traditional lubricants. Zhao et al. [11, 12] studied the tribological properties of ILs films with different terminal groups. e different terminal groups showed different physicochemical properties, which affect the micro/nano-tribological properties of the film. Ye et al. [13] believed the reason that the outstanding tribological properties of ILs are ascribed to the stable and orderly transition state of the combination of positive and negative charges in the friction process. Moreover, the transition state can form a lubricating film of boundary thickness and is difficult to be cut. As mentioned above, with excellent antifriction and adhesion-resistance properties, ILs can be widely used in the component design of lubricating films. e tribological properties of thin lubricating films have an intimate relationship with the surface wetting behaviors [14, 15] . e thin lubricating films with good hydrophobicity and low adhesion and friction are urgently needed in applications of M/NEMS devices. Researchers demonstrated that the self-assembled monolayers (SAMs) on silicon (Si) surfaces can effectively reduce the surface energy in M/ NEMS. Lian et al. [16] prepared a single-layer silane SAM on the surface of a titanium alloy by using perfluorooctyltrichlorosilane (FOTS). e results indicated that the titanium alloy surface modified by FOTS showed a good hydrophobic property, while in terms of tribological properties, the FOTS modified surface did not exhibit a good performance. Pu et al. [17] studied the surface-capped ILs as a lubricating phase that possesses good antiwear and antifriction properties. However, the high surface energy leads to a high adhesion, which limits the applications in M/NEMS. For this reason, the synergistic effect of SAMs and ILs could be combined to improve both the hydrophobicity and the antifriction of thin lubricating films.
Imidazolium cation represents by far the most investigated class of ionic ILs. Liu et al. [18] found that PF 6 − exhibited the best antifriction and antiwear properties in the same imidazolium cation at room temperature. Qu et al. [19] researched that the cations with longer side chain showed better antiwear protection for titanium. At room temperature, the best performance was obtained for 8, 9, 1-methyl-3benzylimidazolium chloride ([BMIM]Cl). Based on the conclusions above, the imidazolium-based ILs [CMIM]Cl and [DMIM]PF 6 are used to compose the alkyl binary doped ILs in our study.
Molecular dynamics (MD) has been widely applied to predict many properties of SAMs [20] and ILs [21] . is approach has been successfully applied for finding the surface binding energy and adsorption behavior between polymers and substrates [22, 23] , the interaction between polymers and crystal structures [24] , and the interaction between polymers and polymer-metal oxides [25] . Chaumont et al. [26, 27] had used MD simulations to study the behavior of the ILs-water interface and the transport of large solvent molecules across the interface. Maolin et al. [28, 29] investigated the microscopic structures of the imidazoliumbased IL 1-butyl-3-methylimidazolium hexafluorophosphate ([BMIM]PF 6 ) on a hydrophobic graphite surface by MD simulations and showed that both the mass and electron densities of the surface-adsorbed ILs are oscillatory. In addition, some studies have been performed regarding the wetting of graphene with ILs nanodroplets. It has been observed that the contact angle of the nanodroplet increased with its size [30] .
However, little information has been obtained on the synthesis effect of the coexistent stationary and mobile phases on the wetting behaviors and friction properties of ILs' thin lubricating films. Moreover, previous research has failed to consider studying the molecular structural characteristics and dynamical nanowetting behavior of the alkyl binary doped ILs' thin lubricating films. In this work, N- [3-(trimethoxysilyl) propyl] ethylenediamine (DA) with one siloxy group was used to modify a Si surface, which was the basic structural material in N/MEMS. e [CMIM]Cl and [DMIM]PF 6 were used to modify the DA SAM, which typically resulted in the formation of the alkyl binary doped ILs' thin lubricating films. As the stationary phase, the [CMIM]Cl molecules chemically reacted with the terminal amino groups of the DA SAM and formed a backbone structure to enhance the load-carrying capacity. In contrast, as the mobile phase, the [DMIM]PF 6 molecules were physically adsorbed on the [CMIM]Cl/DA surface with a low shear rate to reduce the friction coefficient. e results of the good wettability of the films will provide a theoretical basis for its application in the antiadhesion and antiwear fields. In addition, Figure 1 shows the partial atomic charges of the cations and anions for hydrogen interactions in the system. e strongest hydrogen-bond interaction is attached to the C 2 position of the imidazolium ring cations [33] . e distances of the mass center of Cl − and PF 6 − from hydrogen are 1.997Å and 2.853Å, respectively [34] .
Models and Simulation Details
In this work, the thin lubricating films were formed on the Si surface by a two-step process. Firstly, DA molecules were bonded to a hydroxyl-terminated Si surface to form a densely packed SAM. e DA SAM with the polar amino group exposed outside was served as a connection layer. 6 /DA/Si. With one more -CH 2 CH 2 NH-unit, DA tends to form a more densely packed and more ordered SAM. Additionally, hydrogen bonding between adjacent molecules may occur in the buried-NH-layer, which will enhance the rigidity and stability of the aminosilane SAM [35] . e schematic representation of the reaction process and the ideal structure of the alkyl binary doped ILs thin lubricating film on Si substrate are shown in Figure 2 . e structural organization of the molecules assembling on a surface is strongly affected by the various energy contributions within the system. Earlier theoretical and experimental studies have already suggested that molecular structures such as the surface coverage and the chain grafting positions can affect the chemical reactivity of the functional groups on the surfaces, which further impact the wetting behavior of the thin lubricating film. e surface coverage and the chain grafting positions of DA molecules on Si substrates have already been proved in our previous work by MD simulations [36] . Hence, the surface coverage and the chain grafting positions of [CMIM]Cl molecules grafted on DA surface have also been examined in this paper. e simulation models that comprise the thin lubricating film applied in the system were constructed successively. Firstly, to simulate the surface coverage of [CMIM]Cl on the DA SAM, a slab of a Si crystal without a hydroxylated surface was cleaved at the Si (100) plane and a 4 nm vacuum layer was added to it, which is used as the Si base unit. According to our previous study, when the surface coverage of the DA molecules on the Si substrate was 50%, the corresponding energy per chain was the lowest and the structure of the final monolayer was the stablest [37] . In addition, the substitution patterns of the 1 × 4 and 1 × 5 cells were selected, in which 1 represents the number of rows and 4 or 5 represents the number of lines. e patterns are shown in Figure 3 . Clearly, a [CMIM]Cl molecule grafted onto the DA SAM surface in an arbitrary position was used to derive the [CMIM]Cl molecular surface coverage simulation models. Specially, the ratio of the number of grafted [CMIM]Cl molecules to DA molecules was considered as the surface coverage rate of the [CMIM]Cl molecules.
On account of the [DMIM]PF 6 molecules physically adsorbed rather than grafted on the surface of [CMIM]Cl/ DA/Si, the simulated model of adsorption was different from the surface cover age simulation model. e [CMIM]Cl/DA/ Si layer and the amorphous structural [DMIM]PF 6 layers with different ratios were constructed. In addition, two independent layers were grouped together to obtain the simulated model, as shown in Figure 4 .
Wetting behaviors of the nanoscale water droplets on the OH/Si, DA/Si, [DMIM]PF 6 /DA/Si, and [CMIM]Cl& [DMIM]PF 6 /DA/Si surfaces were studied, which could reflect the antiadhesion properties of all the films. Specifically, constructions of the wetting simulated models were based on the optimal surface coverage and chain grafting positions. e DA SAM unit was extended into a 20 × 20 × 2 super cell to obtain a surface with the size of 76.8 × 76.8 × 89.5Å 3 . A water nanocluster containing 483 water molecules was placed onto the surfaces of 4 kinds of samples. e dimension along the z-axis was set to 89.5Å so that the water can be large enough to exhibit the bulk behavior. e wetting behaviors simulation models are depicted in Figure 5 .
Simulation Details. Molecular dynamic simulations
were carried out with the Discover and Amorphous Cell module in Materials Studio of Accelrys Inc. e models of the Si substrate, a DA connection-layer, a bonded-phased [CMIM]Cl, a mobile-phased [DMIM]PF 6 , and a nano-water droplet were constructed. Firstly, the Si lattice was derived from the structural database of Materials Studio and cleaved along the (100) and extended into a super cell. e lattice space group is Fd3m and the lattice concrete parameters are a � b � c � 0.543 and α � β � c � 90°. Secondly, the surface was completely hydroxylated. e DA molecules were bonded to the hydroxylated Si substrate, the [CMIM]Cl molecules were grafted on the external surface of DA SAM, and the [DMIM] PF 6 molecules were dissociated on the [CMIM]Cl surface. Finally, a nano-water droplet was placed on the outside surface of the [DMIM]PF 6 molecular layer. e COMPASS [38] (condensed-phase-optimized molecular potentials for the atomistic simulation studies) force field, which is based on the ab initio and empirical parameterization techniques, was used in the whole simulation for its ability to predict the total structural parameters for some ILs with available parameters [39] . e total potential energy is expressed as Mathematical Problems in Engineering 3 [DMIM]PF 6
[CMIM]Cl/DA/Si e potential functions can be divided into two parts: the diagonal and off-diagonal cross-coupling terms and the nonbonded interaction terms. e diagonal and off-diagonal cross coupling terms include E b , E θ , E ϕ , and E χ for bond, angle, torsion, and out-of-plane angle coordinates, respectively, and the E cross for the cross-coupling terms between internal coordinates. e cross-coupling terms are important for predicting vibrational frequencies and structural variations associated with conformational changes. e nonbonded terms, which include a Lennard-Jones 9-6 (L-J) potential for the VDW interactions and a Coulombic term for the electrostatic interactions, are used for interactions between pairs of atoms that are separated by three or more intervening atoms, or those that belong to different molecules. e detailed parameters of [CMIM]Cl and [DMIM]PF 6 are reported in Tables 1 and 2 of Supplementary Materials. e solid Si substrate was frozen during all simulations to enhance the computational efficiency. e canonical ensemble NVT (absolute temperate-T, constant number of particles-N, and constant volume-V) was performed at 298 K for each system using the velocity-Verlet algorithm. e integration step was set as 1 fs. e temperature was controlled by using a Nosé-Hoover thermostat with a damping parameter 1.0 ps − 1 . When using the atom-based summation method to calculate van der Waals (VDW) force and the group-based calculation method to calculate the coulombic force, the cutoff radius was 12.5Å. To eliminate the effects of the edges, periodic boundary conditions were considered for both x and y directions, while nonperiodic and mirror boundary conditions were applied along the zaxis. Initially, the Smart minimizer in the discovery module performed 20,000 iterations for the energy calculation and structural optimization until equilibrium to obtain the minimum energy system. Moreover, in the wetting behavior simulations, the models were allowed to equilibrate by a sequence of 1000 ps dynamics simulations at a constant pressure of 1 atm to ensure that the models are equilibrize well. when the surface coverage of the DA molecules on the Si substrate was 50%, the corresponding energy per chain was the lowest, and the structure of the DA SAM was the stablest. In this work, the energy per chain is used to estimate the stability of the [CMIM]Cl/DA dual-layer film. e energy per chain of the [CMIM]Cl molecules in the simulation system is calculated by the following equation:
Results and Discussion
where E is the total energy, which is the mean value of the energy with various grafting positions at the same surface coverage, E 0 is the energy when the surface coverage is zero, and n indicates the number of [CMIM]Cl molecules at the corresponding surface coverage. e relationship between the energy per chain and the surface coverage of the [CMIM]Cl molecules on the DA SAM surface is shown in Figure 6 . e simulation results show that when the surface coverage is 50%, the energy per chain of the [CMIM]Cl molecules is the lowest, which indicates that the structure of the [CMIM]Cl/DA dual-layer film is the stablest at this time. erefore, the optimal surface coverage of the [CMIM]Cl molecules on the DA SAM surface is 50%, which is in good agreement with the experimental results, and the possible reason is that the packing of alkyl chains and aromatic groups plays a primary role in determining the substitution further influencing the surface coverage.
Chain Grafting Position Analysis of [CMIM]Cl Molecules on DA SAM Surface.
e distance between molecules is an important factor affecting the system energy. In the 4 × 4 × 1 cell simulation system with 50% surface coverage of [CMIM] Cl molecules on the DA surface, there are several grafting positions of the [CMIM]Cl molecules. Setting the distances of adjacent two Si atoms as a, the feasible grafting positions are shown in Figure 7(a . According to the combined calculation method, there are 9, 8, 4, 4, and 1 arrangements at the same distances. e mean energy per chain of the [CMIM]Cl molecules with different spacings is simulated, and the results are shown in Table 1 ; the error is the difference between the energy per chain and the average energy per chain with different arrangements and the same distance.
Generally, the energy per chain is calculated to obtain the optimal chain grafting positions. From the data in Table 1 , it can be clearly seen that when lateral spacing is 2a and the longitudinal spacing is 2 �� 2a √ , the energy per chain is the lowest due to the smallest intermolecular interactions. However, no matter how the distance changes, the energy per chain gradually increases because of the strongest repulsive interactions between molecules at close distances and the emergence of single molecule lodging or torsion deformation at large distances. Moreover, both the strong repulsive interaction and lodging or torsion deformation lead to the instability of the overall molecular film. e above analyses demonstrate that the position of adjacent two IL molecules require a certain range. It is further concluded that when the [CMIM]Cl molecular surface coverage is 50% with a longitudinal spacing of 2 �� 2a √ and a lateral spacing of 2a arrangement, the molecular sequence is relatively dense and orderly, and the optimal chain grafting positions are shown in Figure 7 (b). e position is similar to a zigzag distribution. It is because the van der Waals interactions between chains are favorable. As the chains are at suitable distances, they have increasing rotational freedom to reorient themselves to low-energy configurations. ere is ample room for the chains to move away from the surface. It is reported that the relative density and relative orderliness of the arrangement can effectively enhance the stability of the system [40] . e binding energy of the interface can be used to measure the bonding strength of the interface. e greater the interface binding energy is, the more work it takes to destroy the interface with an interface that is more solid. e binding energy, E binding , is the negative value of interaction energy of the E adsorption . A higher value of the binding energy implies stronger interactions or attachments. And the equations are as follows: Mathematical Problems in Engineering
Simulation Analysis of [DMIM]PF 6 Molecular Adsorption
where E adsorption is the interfacial adsorption energy; E total is the total energy of the Figure 8 . When the ratio reaches to 1 : 4, the per chain adsorption energy is the lowest because the intermolecular interactions of a single molecule decreased for a suitable number of [DMIM]PF 6 molecules. In contrast, the binding energy is the highest at a ratio of 1 : 4, which indicates the stablest structure. Obviously, it is concluded that when the molecular number ratio of [CMIM]Cl : [DMIM]PF 6 is 1 : 4, the binding energy between the [DMIM]PF 6 layer and the [CMIM]Cl/DA/Si layer is the largest, and the interface at this time demonstrates the most solid combination.
Simulation Analysis of the Energy for the Adsorption Model Systems.
e [DMIM]PF 6 layers in the mixed amorphous structure are able to bind to the [CMIM]Cl/DA/ Si layer because of the existence of intermolecular interactions, i.e., mainly van der Waals and electrostatic forces, of which the VDW forces include both repulsive and dispersive forces. e energy compositions of the molecular system at different ratios are shown in Table 2 . It is observed that the VDW repulsive force and the dispersion force in the nonbonding terms contribute the most to the energy of the system. In the bonding term, the bond angle bending energy and the torsion energy are also large, both of which come from the interaction between atoms in the [DMIM]PF 6 . However, these energies have no effect on the whole interfacial binding because the energy values are offset from the bonding term in the single point energy of the [DMIM] PF 6 molecules when calculating the binding energy of the interface. It is concluded that the main factor affecting the interface binding is the VDW forces among the interfacial structure molecules.
Wetting Behaviors of the Binary Doped ILs' in Lubricating Films.
e solid surface wetting property is one of the important properties of materials, which is determined by the chemical composition of the surface and the microstructure, and it is usually characterized by the contact angle of the liquid on the solid surface [41] . e models, OH/Si, DA/Si, [DMIM]PF 6 /DA/Si, and [CMIM]Cl&[DMIM]PF 6 / DA/Si lubricating films with the optimal parameters above, and nano-water droplets placed onto the film surfaces to form the wetting systems, were examined by dynamical simulations. Snapshots from the simulations of 4 kinds of surfaces are summarized in Figure 9 , which provide an intuitive visual of the wetting character of all the thin lubricating films with different terminal groups (-OH, -NH 2 , and -CH 3 ) from most hydrophobic to the most hydrophilic. In Figure 9 , each row of the snapshots corresponds to one kind of film, which is noted along the y-axis. From left to right, 4 conformation snapshots are presented for the simulation steps. At first, the nano-water droplets are ballshaped on all surfaces. As the simulation proceeds, the ballshaped configuration of the nano-water droplets are spreading owing to the strong interactions between nanowater droplets and the hydrophilic surfaces (OH/Si and DA/ Si), by the reason of the high surface energy functional groups outside the films. e nano-water droplets spread rapidly onto the surfaces possessing an arc-shaped configuration. In contrast, the interactions between nano-water droplets and the hydrophobic surfaces ([DMIM]PF 6 /DA/Si and [CMIM]Cl&DMIM]PF 6 /DA/Si) are weak, and the equilibrium configuration of nano-water droplets is changed little. e microscopic reason of the phenomenon is the water molecules can form O-H. . .O and N-H. . .N hydrogen-bonds on the hydrophilic surfaces of OH/Si and DA/Si, which carry the terminal groups of -OH and -NH 2 . So the nano-water droplets spread over the hydrophilic surface gradually with the simulated time increase. e nano-water droplets on the -CH 3 terminated films maintain a ball shape during the simulation without forming a hydrogen bond. Minimal interaction between water molecules and the film surface means that the nano-water droplets cannot spread over the hydrophobic surface. Furthermore, the [CMIM] Cl&DMIM]PF 6 /DA/Si shows the optimal hydrophobic phenomenon because of the existence of halogen atoms in [CMIM]Cl, which can form a halogen bond with the cations. In addition, the synergistic effect of hydrogen-bonded and halogen-bonded species facilitates reduced interactions between the ILs, which regulate better hydrophobic properties [42] . When the interfacial binding energy between [DMIM]PF 6 and [CMIM]Cl is negative, the repulsive force of [CMIM]Cl and [DMIM]PF 6 increases, which makes the [DMIM]PF 6 layer more detached, and further increases the antifriction and antiwear properties of the thin lubricating film.
e bonded-phase [CMIM]Cl improves the visbreaking and load-bearing properties of the films. It is of great significance to provide theoretical guidance in the field of antifriction and antiadhesion in high-performance thin lubricating films.
To quantitatively describe the wettability of the surface, the contact angles of nano-water droplets on each surface were calculated, which directly reflect the surface hydrophobicity. In addition, contact angles were calculated by the following equations:
According to the method proposed by Fan and Caǧin [43] , nano-water droplets in an equilibrium state are approximated as part of an ideal sphere, as shown in Figure 10 . In this figure, h is the height of the nano-water droplets; r is the radius of the nano-water droplets contacting the surface; and R is the radius of the nano-water droplets.
However, due to the anisotropic properties of imidazolium-based ILs caused by the asymmetrical distribution of complex cations and anions, the droplet surface is no longer a regular spherical surface on the nanoscale. Under such circumstances, we estimated the average of 5 consecutive sets of the calculated values within 5 degrees as the final contact angle. e calculated values of the contact angles of nano-water droplets on each surface are shown in Figure 11 . Obviously, the alkyl binary doped ILs' thin lubricating film definitely improves the wetting property, which indicates the low adhesion and low friction.
Equilibrium Criteria of MD Simulation.
In the simulation process, the temperature and the energy are used to indicate the equilibrium state of the systems. e . It has been observed that the system quickly equilibrates in less than 100 ps and then continues to fluctuate near the equilibrium state. When the equilibrium is reached, the temperature fluctuates within ±20 K, which is 6.7% of the simulated temperature. e deviations of potential energy and nonbond energy are both less than 10%, indicating that the system has reached the energy balance in 1000 ps. Similarly, OH/Si, DA/Si, and [DMIM]PF 6 /DA/Si are balanced according to these two protocols, which are widely studied by other researchers [44] .
Radial Distribution Functions.
Hydrogen bonds are sufficiently strong to affect the surface wetting behavior [45] . erefore, to better understand the wetting behaviors of nano-water droplets near different surfaces, the radial distribution function (RDF) is plotted, from which it can be determined whether or not there may be hydrogen bonds. Figure 13 shows the RDF between the water molecules and substrate surface. hydrophilicity of the DA/Si surface. In Figure 13 (c), the RDF between the atoms in water and the atoms in [DMIM]PF 6 demonstrates a peak at 1.05Å, which suggests that hydrogen bonds are formed with the surface -CH 3 
Conclusions
In summary, the molecular structure and the dynamic wetting behavior of the alkyl binary doped ILs' thin lubricating film were probed by MD simulations. e most important result of the molecular structure is that [CMIM] Cl has an optimal surface coverage of 50% on the DA SAM with a longitudinal spacing of 2 �� 2a √ and a lateral spacing of 2a, and the simulated system is the stablest under these conditions. en, the simulated result for the adsorption of [DMIM]PF 6 indicates that when the ratio of [CMIM]Cl :
[DMIM]PF 6 is 1 : 4, the interfacial binding energy between the [DMIM]PF 6 molecules and [CMIM]Cl/DA is the largest and has the stablest configuration. With the optimal parameters above, the nanoscale wetting behavior of the thin lubricating film shows the best hydrophobic phenomenon because the thin film of binary doped ILs leads to a dualdependent phase with the formation of a [CMIM]Cl bonded phase to reduce the adhesion force and a [DMIM]PF 6 mobile phase to reduce the friction force. is research provides a theoretical basis for designing high-performance frictionreduced adhesion-resistant silicon-based materials and offers theoretical guidance for experimental studies.
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